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Abstract

Outdoor lighting is becoming increasingly widespread, and residents are suffering
from serious light pollution as a result. Residents’ awareness of their rights to
protection has gradually increased. However, due to the sometimes-inaccessible
nature of residential vertical light incidence intensity data and the high cost of
obtaining specific measurements, there is no appropriate hierarchic compensation for
residents suffering from different degrees of light pollution. It is therefore important
to measure light pollution levels and their damage at the neighborhood scale to
provide residents with basic materials for proper protection and to create more
politically suitable solutions. This article presents a light pollution assessment method
that is easy to perform, is low-cost, and has a short data-processing cycle. This
method can be used to monitor residential zone light pollution in other cities. We
chose three open areas to test the spatial variation pattern of light intensity. The results
are in accordance with spatial interpolation patterns and can be fit, with high
precision, using the IDW method. This approach can also be used in 3 dimensions to
quantitatively evaluate the distribution of light intensity distribution. We use a mixed-
use zone in Beijing known as The Place as our case study area. The vertical
illumination at the windows of residential buildings ranges from 2 lux to 23 lux; the
illumination in some areas is far higher than the value recommended by CIE. Such
severe light pollution can seriously interfere with people's daily lives and has a serious
influence on their rest and health. The results of this survey will serve as an important

database to assess whether the planning of night-time lighting is scientific and
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whether it provides residents with a basis for the protection of their rights.

Keywords: light pollution, monitoring approach, spatial distribution, residential zone,
Beijing

Highlights:

This study presents a light pollution assessment method that is easy to perform, is
low-cost, and has short data-processing cycle;

This study is performed on a street scale with high precision (above 95%) of the light
intensity interpolation results.

There are residents in Beijing suffering from serious light pollution. Nearly 48.6% of
areas on the 1st floor are suffering from light pollution, and the situation will be worse

on higher floors.

1. Introduction

Outdoor lighting is an indispensable element of modern civilized societies, and the
expanding use of light at night is due to the fact that humans are trying to extend the
duration of their daily activities. However, lacking unified standard for urban
nightscape lighting, night-time lighting is generally disordered, and it has become
common practice to compare brightness not only among cities but also within
different parts of the same city. Light pollution has become one of the main elements
of environmental pollution [1] and is described as “One of the most rapidly increasing
alterations to the natural environment”[2]. The annual increase in the brightness of the

night sky will not fall below 3%, and at this rate, it will double within 23 years[3]. In
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1973, Kurt defined light pollution as unwanted sky light produced by man as a result
of population growth and increased outdoor illumination per capita [4]. Cinzano et al.
defined it as the alteration of ambient light levels in the night environment produced

by man-made light [2].

Excessive and misdirected light exhibits many of the characteristics of a negative
externality. The influence of light pollution was first discovered by the atmospheric
sciences. Light pollution reduces the visibility of galaxies, nebulae, and other celestial
objects, forcing astronomical observatories to find new locations [4-6]; it also causes
enormous aesthetic damage [7]. Light pollution increases both energy use and carbon
dioxide emissions. In the United States, approximately 6% of the electricity produced
is used for outdoor lighting, and an estimated 30% of this is wasted as light pollution
(California Energy Commission, 2005. Nonresidential Compliance Manual.). Light
pollution also causes damage to wildlife: it disrupts the migration patterns of
nocturnal birds and being a lethal cause of mosquitos[6,11]. In the worst-case
scenario, light pollution may even affect the entire ecological balance of the local
environment [12]. Furthermore, human physiology is not immune to the problem of
excessive and poorly directed light. Excessive illumination near people’s living
environments may influence their health [10,11], and even lighting as low as 1.5 lux
can affect human circadian rhythms [12]. Light pollution can decrease the production
of melatonin [5], leading to insomnia and even cancer [10,13,14]. Metropolitan areas,

with their larger proportions of urbanized land, centralized populations and intensive
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socioeconomic activities, are becoming major sources of artificial lighting, which will
adversely affect their citizens [15]. This compelling evidence of the adverse effects of
night-time artificial light should be balanced against lighting’s supposed positive
effects on safety and security, although current studies have not proven that light

levels have any effect on crime rates [16].

Before efficient mitigation policies can be developed, it is essential to analyse the
spatial distribution of light pollution and to quantify its damages [17]. Studies have
analysed the light pollution situations of many countries and metropolitan areas
around the world, including Finland [18], Los Angeles [4], Athens [19], and Hong
Kong [15]. Current studies usually use remote sensing data at the spatial level of the
city or above. These studies have provided strong support for limiting light pollution.
China has many different regions, each with its own socioeconomic and
environmental characteristics [20], and even in the same city, different zones have
different light levels and lighting criteria due to their different land use functions
[21,22]. Therefore, light pollution trends can change drastically across different
spatial scales[23]. However, in comparison to the ever-increasing amount of night-
time lighting in China, the specific and land use-oriented assessment and management

of light pollution — and associated planning — are still underdeveloped [24].

The most difficult areas in which to balance light intensity are mix-used zones,

especially where residential zones are in close proximity to commercial zones. IDA
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has suggested that zones with high levels of light should yield to zones with low
levels of light [22]. The citizens of China’s metropolises continue to suffer from
severe light pollution, which demands prompt solutions [23]. For example, more than
half of the citizens of Shenzhen have reported feeling uncomfortable due to light
pollution [25]; and light intensity at night is more than 30 to 60 times higher than the
acceptable standard in Guangzhou [26]. Thus, it is important to measure levels of
light pollution and the damage that such pollution causes to neighbourhoods to
provide residents with the basic materials for proper protection and to create more
politically suitable solutions. However, for a variety of reasons, including privacy and
cost, we cannot monitor the light intensity at every residential window, and thus we
cannot evaluate the light contamination situation in every home. GIS technology has
proven extremely useful for spatial analysis[27,28], and we use ArcGIS 10.1 to build

a model to analyse the light pollution situations of residential zones.

In 1997, Beijing launched a large-scale urban nightscape lighting initiative, and it has
since created an urban nightscape lighting system centred on Tiananmen Square, with
an emphasis on Chang An Avenue and the north-south axis. Compared with
developed countries, China has fewer studies and laws related to light pollution[29],
and the country’s light pollution problems have only gradually emerged. Here we use
Beijing as an example, as the city has been designated a seriously light polluted area
by Science Advance [30]. Using GIS spatial analysis technology, we build a rapid and

low-cost method to monitor, quantify and assess the light pollution situation of
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residential zones that can sometimes be inaccessible; we also offer some advice. We
hope this can provide a reference for residents wanting to avoid light pollution, for
relevant departments wanting to formulate management measures, and for

metropolises wanting to reduce their light pollution.

2. Method, observation, and source of data

2.1 Outline of survey

Due to the inaccessibility of residential vertical incidence intensity data, we chose
three open areas to test the spatial variation patterns of light intensity. Then, we
evaluated the accuracy of the approach that we had chosen to monitor the distribution
of light intensity, and the pattern was used to analyse the light-contamination situation
of residents. Xidan, Wangfujing, and Zhongguancun were used as open zones to test
spatial variation patterns of light intensity. These zones are all typical flourishing
commercial zones. For example, the Xicheng district government has chosen a
development approach focused on the prosperity of Xidan and on driving regional
economic development. Thus, in recent years, the Xicheng district government has
reconstructed and renovated Xidan’s external environment; it has used decorated,
illuminated advertisements and other amenities to enhance the effects of night-time
lighting. This creates complicated point, line and area light sources in these zones,
which can reflect if the distribution pattern has high adaption. The residential area
where we have chosen to study light pollution is the Dongdagiao community. This is a

mixed-used zone containing a flourishing commercial zone and a quiet residential
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zone where the majority of the damage and complaints are due to light pollution. The
commercial zone is known as The Place, the flagship commercial area of the central
business district located in Beijing’s Chaoyang district. The Place is quite famous for
its electronic screen that is 250 m in length and 30 m in width, which has brought
fantastical acousto-optic combinations to the entire street and has become a world-
class spectacle that attracts large crowds of people. However, just across the road,
approximately 60 meters away, there is a residential zone where we will quantify the

level of light pollution.

To build a model of the spatial distribution of light intensity at the street scale, it is
essential to measure the characteristics and dimensions of buildings, as well as light
sources and their intensities. We use high-resolution remote sensing images from
Google Earth to acquire the location of each building, and we use the relative location
to acquire the location of each light source. We also estimated the length of the line
light source, the length and width of the area light sources, light colour and other
properties; building height is measured with a laser rangefinder. The layout of the
sampling site generally follows the uniform distribution, and the density of sample
points is increased in the area of complex light sources and rapidly changing light
intensities. The measurement interval of the commercial zone is 20 m (Fig. 1), and it
is 10 m in the mix-used zone (Fig. 2). At every sample point of the commercial and
residential zones, we measure light intensity at 1.5 m above ground (the average

person’s height) from four orientations (east, south, west, north), and the average of
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the four values is considered the light intensity of this sample point (Table 1.). In the
mix-used area, we add two sample point layers, at heights of 0 m and 3 m. These
research data were collected with the luxmeter (model: HT - 8318, resolution: 0.1
Lux, range: 0 ~ 400 Klux) and the range finder (models: PD42, resolution: 0.001 m,

the range: 0 ~ 200 m). Measurement results are provided in the appendix.
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Tab. 1 Light intensity at every sample point in the Xidag commercial zone

Light intensity / Lux
25.175
23.575
25.175
34.625
46.15
18.575
32.525

38.45
22.125
15.825
22.075

9.275

21.1
449
12.6

1d
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

Light intensity / Lux
13.075
45.05

61.5
38.175
69.25
42.45
17.5
14.725
29.8
40.65
18.775
31.225
46.025
62.7
106.425

2.2 Model of light intensity distribution

Id Light intensity / Lux

31 89.05
32 18.475
33 7.625
34 17.475
35 10.5
36 24.225
37 11.125
38 44.55
39 12.475
40 18.525
41 25.5
42 46.35
43 78.075
44 109.575
45 17.75

We use the spatial interpolation of GIS technology to model the spatial distribution of

light intensity, which can transform the measurement data of discrete points into a
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continuous data surface. There are different ways to implement spatial interpolation,
such as inverse distance weighted interpolation (IDW), the cubic spline interpolation
method, the kriging interpolation method, the Pointlnterp method, the natural adjacent
method, and the trend surface method [31]. The range of application of each method is
different. Considering the point light source intensity distance attenuation empirical
model [32]

fate(d) = min( 1)

a+ bd + cd?’
where f,;; is the attenuation factor; and a, b, and c are empirical constants, we chose
IDW to fit the light intensity distribution. The IDW interpolation method, based on the
distance between sample points, determines weights and calculates the value of the

interpolation point; the sample points nearer to the interpolation point will have greater

weight. The formula is

4

n
[52
- 2
i=1 d;

n
/2

L d;*

=1

d; = (X —Xi)® + (Y —Yi)?

where Xi, Yi, Zi (i=1, 2, ..., n) represent point coordinates, and Z represents the
attribute value. The IDW spatial interpolation method is suitable for situations in
which there are intensive sampling points continuously distributed in space and the
relationship among attribute values sharply attenuates as distance increases, such as
when fitting the space distribution of sound propagation. Because the IDW method

cannot reflect any major trends in the data, it cannot apply to situations such as

simulating air pollution distribution under the action of wind. Considering that there is
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no major impetus of light intensity distribution, we think it is acceptable to use the

IDW method to fit the distribution of light intensity.

2.3 Precision Inspection

Common approaches to accuracy estimation are the Bootstrap method, the cross-
validation method and the Holdout method [33]. The idea behind the Holdout method
is to perform the sampling from all the sampling points and to use the left sample
points to interpolate, followed by comparing the value of checkpoints and the
interpolation value, finally obtaining the precision [33]. We adopt the Holdout method
and use the analysis of variance (ANOVA) method to evaluate the accuracy of the
interpolation results. The ANOVA method can assess the confidence of the current
results by comparing the calculative statistical test value and established probability
distribution. The F value is the statistical test, the corresponding probability
distribution is the F distribution and Sig. F is the statistical significance, the
probability of the sample result. In many research fields, a Sig. F of less than 0.05 is
the widely-accepted error boundary. We reserved some sample points at the
proportion of 1:9 as checkpoints before interpolation. The checkpoints are certain to
have sufficient quantity and to distribute light at every intensity range (high, medium

and low light intensity) to ensure the accuracy of the results.
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3. Results and analysis

3.1 Light intensity distribution

From the interpolation results (Fig. 3, 4, 5), we can observe that the illuminance of the
Xidan commercial zone ranges from 8 lux to 110 lux, and there are major spatial
differences. Light intensity on the west side of the road is generally higher than on the
east side. Areas of low illumination are usually below the bridge, and areas of high
illumination are usually distributed in population-dense areas, such as the mall
entrance and the nearby sidewalk. The Wangfujing commercial zone has a wide range
of illumination, from a low of 13.71 lux to a high of 314.91 lux. In general, the
illumination distribution in the north and south areas is much higher than that of the
central area. The average illumination of the north area is approximately 150 lux, and
there are individual light point sources that drive up the brightness of the surrounding
area. The central part is relatively darker and more homogeneous. The most light-
polluted area is the north part of the south area, where illumination is consistently
above 300 lux and, unlike the north, its polluted area presents a much wider planar
distribution. The illuminance of the Zhongguancun commercial zone ranges from 2

lux to 66 lux; the distribution in the northeast is higher than in the southwest and

d0i:10.20944/preprints201703.0084.v1


http://dx.doi.org/10.20944/preprints201703.0084.v1
http://dx.doi.org/10.3390/su9040652

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 March 2017

lower than in the Wangfujing and Xidan commercial areas in general.
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Fig. 3. The model of light intensity distribution in the Beijing Xidan commercial zone

(sight direction: southeast)
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Fig. 5. The model of light intensity distribution in the Beijing Zhongguancun commercial zone
(sight direction: southeast)

The International Commission on illumination (CIE) issued its Guide on interior
lighting in 1986, in which it was recommended that the illumination intensity of
lighting at outdoor locations range from 20 lux to 50 lux. Compared with the norm, all
illumination intensities of the three study areas are excessive; this can be seen as light
pollution and will cause serious adverse effects on human 7 health. The level of
light source intensity is directly influenced by light source intensity, and the size and
shape of the light source can strongly influence the spatial scale. The power of these
shapes, in order from high to low, are planar light sources, linear light sources and
point light sources, and the larger, longer light sources will have broader effects.
Meanwhile, the height of the light source in relation to the ground and the distance to
the sidewalk may also have an influence. Because we monitored the illumination
intensity at a height of 1.5 m, under similar conditions, the higher light source will

have less influence. In contrast, a light source close to the ground, such as light box
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advertising at a bus station, which is at the same level as people’s horizontal line of

sight and usually has a high intensity, can have a greater influence.

3.2 Precision inspection of simulation

To test the effectiveness of the interpolation results, we set aside one tenth of the
measured points, before interpolation, as check values. To obtain more reliable results,
the selection of check values must not only be sufficient in total number but also
follow the method of stratified sampling, ensuring that there are check values within
every range of light intensity. The results of correlation analysis are shown in Table 2.
We can see that the Sig. F values of all prediction models are less than 0.05, which
proves that there is 95% reliability that using the inverse distance weighted
interpolation model to simulate the spatial distribution of light intensity is effective.
This finding means that the space distance attenuation of light intensity accords with
the inverse distance weighted interpolation rule, and we can use the IDW
interpolation method for a high accuracy simulation of the spatial distribution of light

intensity in the practical application.

Table 2. Interpolation precision test results

Model R R-square adjusted R-square SEE sig.F
Xidan 0.978 0.957 0.943 3.902347 0.004
Wangfujing 0.883 0.779 0.706 10.914 0.047
Zhongguancun 0.977 0.955 0.943 4.013731 0.001

3.3 Light pollution in residences

Using the IDW interpolation method, we take the northwest corner (0 height) of our
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study area as the origin of the coordinates and establish the space rectangular
coordinate system; the interpolation results are shown in Fig. 6. We find that the
illumination intensity is highest in the screen position and shows concentric spherical
diffusion, decreasing just the same as the intensity of the point light source attenuates

with distance.

Screem of The Place
-

60
50
| 40
30
20
10
Fig. 6. The model of light intensity distribution in the mix-used zone
(sight direction: northwest)
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With the illumination of The Place’s screen, the vertical illuminance at the residential
building across the street ranges from 0 lux to 30 lux. The building directly facing the
screen is affected more severely than the others. Comparing the light intensity at 1.5
m above the ground and at 3 m, we observe that the light intensity at 3 m is higher
than at 1.5 m (Fig. 8. 9); and despite the limited expenditure and research on this issue
and the lack of more layered data, we can nevertheless deduce that the light intensity
will continue to increase as height increases within a certain range. Thus, residences
on higher floors will suffer from more intense light pollution. From the cross-section,
we can see that the border trees (at a projection distance of approximately 50 m to the
screen) have played some role in blocking out light but do little to block the windows’
vertical illuminance. According to the measured data, the vertical illumination at the

residential buildings’ windows ranges from 2 lux to 23 lux; the illumination in some
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areas is far higher than the CIE’s recommended value of 11 lux of window vertical
illuminance after curfew. Consider first floor residents’ window vertical illuminance
as an example (Figure 9). We observe that nearly 48.6% of the area suffers from light
pollution, which seriously interferes with residents’ daily lives and has a serious
influence on their rest and health. Although The Place has a fixed show time, 17:30 —
23:00 in summer and 17:00 — 22:00 in winter, the residents who participated in our
interview still reported strong dissatisfaction with light pollution. Clearly, light
pollution in mix-used areas that include both commercial and residential buildings
demands prompt solutions; current designs of light intensity and lighting time are

unreasonable and lack compensation mechanisms for residents impacted by light

pollution.
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Fig. 9 light illumination of first floor residence in the Dongdaqiao Community

4. Results and recommendations

Above all, we can conclude that the spatial distribution of light intensity is in

accordance with the spatial interpolation pattern and can be fitted using the IDW
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method. Also, this approach can be used in 3 dimensions to quantitatively evaluate the
distribution of light intensity. Due to limitations of funding and existing research, we
only tested 3 layers (0 m, 1.5 m, 3 m). In a practical application of our approach, the
manipulator could add sampling heights and layers and adjust the sample number and
the dot spacing according to the size of the study area and the accuracy requirements

of the evaluation.

From our empirical research, we can observe that different degrees of excessive
lighting are generally present in the Beijing commercial zone. The highest
illumination intensity of the commercial zone is several times higher than the value
recommended by the CIE, which is a major waste of funds and energy and causes
serious damage to pedestrians. It is the light pollution in the mix-used zone that has
the greatest influence on residents’ biological clocks. Lighting design is currently
excessively focused on economic benefits and is ignoring the basic requirements of

human wellbeing.

Objectively, Beijing’s lighting project has brought some economic benefits, and it has
created a series of new landscapes. However, according to our research, there are
problems in the selection of light sources, their layout, and so on. The excessive
pursuit of economic benefits, blind comparisons of brightness, lack of scientific
guidance and lack of attention to human well being have all led to light pollution in

Beijing, causing a great waste of energy, causing damage to civilians, and proving the
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vulnerability of the legislative system. Based on our research results, we offer some
suggestions. First, Beijing should scientifically plan its lighting system and replace
high-intensity light sources, especially in commercial zones and mix-used zones.
Meanwhile, it should reduce the area lacking area in residential zones. Also, it is
important to balance the light intensity of the entire area on the basis of the beauty and
diversity of the lighting system to provide residents with a soft outdoor lighting
environment. Second, the planning of lighting should be coordinated with other types
of planning. For example, the layout of light sources should be compatible with
regional road planning and should provide effective visual guidance. The illuminance
value of light sources in commercial zones should be reduced to avoid affecting traffic
signal discrimination. Third, Beijing should optimize its laws and regulations to
prohibit brightness comparisons, protect the rights of residents and establish

compensation mechanisms for light pollution.
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